Al 2 O 3 and TiO 2 thin films have been deposited on Si wafers, quartz, BK7 glass, and polycarbonate substrates by atomic layer deposition (ALD). The refractive indices and growth rates of the materials have been determined by spectroscopic ellipsometry and transmission electron microscopy. The influence of substrate temperature and precursor on the refractive indices has been investigated. The refractive index of TiO 2 significantly increases with temperature, whereas the Al 2 O 3 films are temperature insensitive. The films deposited using H 2 O 2 as oxygen source show a slightly higher refractive index than the films prepared with H 2 O. Multilayer narrow-bandpass filters and broadband antireflective coatings have been designed and produced by ALD.
Introduction
Dielectric thin-film-based multilayer coatings are widely used in optics and electronics. Various coating technologies, such as chemical vapor deposition (CVD), physical vapor deposition (PVD), ion beam sputtering, magnetron reactive sputtering, and plasma-ion-assisted deposition, are currently applied [1] [2] [3] [4] [5] . Atomic layer deposition (ALD) is similar to CVD, however, with marking differences [6, 7] . The reactants are introduced into the reaction chamber successively, and the reaction is surface controlled with the film growing with a (sub)monolayer thickness per cycle. Hence ALD has received increasing interest as coating technology, because it offers tight control of the film thickness [6, 7] . Additionally, ALD of various dielectric material films is possible at low substrate temperatures (below 200°C), making it interesting for coating polymers.
The design of optical coatings such as filters and antireflective coatings based on multilayer systems requires detailed knowledge of the optical properties of the materials. The dispersion curves and the growth rates of the dielectric films must be accurately determined. Unfortunately, several factors will affect these properties. The deposition technique and conditions (e.g., temperature and pressure) uniquely determine the characteristics of the films [4] . In situ monitoring of the film growth based on complex simulation algorithms are generally applied to produce specialty optics [8] [9] [10] . Even under tight in situ control, it is difficult to technically meet stringent tolerances.
We present a thorough characterization of Al 2 O 3 and TiO 2 thin films deposited by ALD using spectroscopic ellipsometry, x-ray reflectometry, and transmission electron microscopy (TEM). The films were grown on silicon wafer, BK7 glass, polycarbonate (PC), quartz, and poly(methyl methacrylate) substrates. The films were deposited in the 80-200°C temperature range, and the changes in refractive indices and growth rates were determined. Multilayer coatings for narrow-bandpass filters (NBPFs) and antireflection coatings using ALD are demonstrated, whereby the target is achieved without in situ monitoring.
Experiment

A. Atomic Layer Deposition
Deposition of thin Al 2 O 3 and TiO 2 layers was carried out in a commercial hot-wall flow-type ALD reactor (SUNALE R75, Picosun, Finland). Trimethylaluminum [AlðCH 3 Þ 3 (TMA)], titanium(IV) isopropoxide (Ti½OCHðCH 3 Þ 2 4 [TiOP]) and H 2 O or 30% H 2 O 2 were used as aluminum, titanium, and oxygen reactant sources, respectively. The TiOP precursor was heated to 45-60°C and delivered through a booster system. The pulsing times were 0:1 s for TMA, 0:5 s for TiOP, and 2 s for H 2 O or H 2 O 2 with N 2 as carrier gas at a flow rate of 200 sccm (sccm denotes cubic centimeters per minute at standard temperature and pressure). The purging time after each pulse was set to 4 s. Purging was done with N 2 gas with a flow rate of 200 sccm.
B. Ellipsometry
Spectroscopic ellipsometry measurements in the 370-1000 nm spectral range were done with a J. A. Woollam M2000 ellipsometer equipped with a rotating analyzer and a compensator. The experimental data were analyzed with the WVase32 software provided with the equipment. Transmittance spectra were recorded with the Woollam M2000 equipment and with a NanoCalc 2000 spectrometer. The spectral range of the spectrometer was 280-850 nm; the UV VIS-NIR source and the transmitted light were coupled by optical fibers to the detector. Background spectra were recorded prior and after the transmittance measurements to assure no intensity variation of the incident light.
C. Coating Design
Coating designs were calculated using commercially available software (IMD). An ideal model without surface roughness was applied. The effect of thickness variation of individual layers on the optical performance of the NBPF has been evaluated.
D. Transmission Electron Microscopy
Microstructure analysis of the interface between thin films and substrates was performed by crosssectional TEM. The samples for TEM were made by standard methods. They were glued together face-to-face with epoxy resin then mechanically polished to a thickness of approximately 100 μm, dimpled from one side to get a thickness of approximately 20 μm at the center, followed by ion milling using a Gatan precision ion polishing system. TEM investigations were carried out with a Jeol 1010 equipment operating at 100 keV.
Results and Discussion
A. Characterization of Al 2 O 3 and TiO 2 Films Al 2 O 3 and TiO 2 thin films of 10 to 400 nm thickness were deposited in the 80 to 250°C temperature range. The film thicknesses determined through ellipsometry were in excellent agreement with the TEM data. The growth rates of Al 2 O 3 and TiO 2 were in the range of 1-1.25 and 0:3-0:7 Å 0 =cycle. Higher deposition rates were obtained when H 2 O 2 was used as a precursor. The growth rates (g) did not depend significantly on the substrate material; however, the linear fit (t ¼ y þ N Ã g) of the film thickness (t) versus number of cycles (N) showed a considerable variation (up to 5 nm) for the y-intercept values between the substrates, indicating that the substrate material has a significant effect on the initial "seed" film. This effect is related to the incubation time of the coating process and is also temperature dependent. Depending on the substrate material and surface roughness, the precursor has a higher affinity and more precursor may adsorb on the surface to form a saturated monolayer. In subsequent cycles, the substrate influence on the adsorption is minimal.
The optical constants of the Al 2 O 3 films have been parameterized by the Cauchy function with an extinction coefficient k ¼ 0. The Cauchy, Lorenz, and Tauc-Lorenz formalisms have been applied to the analysis of the TiO 2 film thicknesses and optical constants. The Tauc-Lorenz formalism improved the ellipsometric fit and decreased the mean square error value. It yielded nonzero extinction coefficient below 400 nm, however, of the order of 10 −3 , showing minimal absorbance of the deposited films. This value is in accordance with previously reported data [11] showing applications for optical filters in the 230-280 nm spectral range. Further analysis of the ALD coatings at shorter wavelengths is necessary to prove that these are of comparable quality and may also be used for such applications.
The experimental dispersion curves are depicted in Fig. 1 . The Al 2 O 3 refractive index has minimal dependence on the deposition temperature and shows low dispersion, with values of 1:65 AE 0:05 throughout the visible and NIR spectral range. In contrast, the TiO 2 refractive index at 633 nm increases from ∼2:1 to ∼2:5 with increasing substrate temperature from 80 to 200°C. Similar behavior of the TiO 2 films was observed with other deposition techniques [4] and reported also for ALD films [12, 13] . The TEM micrograph in Fig. 2 of a TiO 2 =Al 2 O 3 bilayer deposited at 120°C shows that both films are amorphous. At higher temperature (>165°C), the anatase phase is formed, and one can observe a relative increase of the refractive index (∼0:15) for the films deposited around 150-200°C compared with the 120°C deposition [12] . Nonetheless, the optical constants of the films grown on Si wafer did not vary significantly from the ones on BK7 glass (∼0:03).
B. Narrow Bandpass Filter
Using the refractive indices of alumina and titania determined for the ALD process employing H 2 O 2 , we designed a dichroic filter with a bandpass transmittance at 470 nm and FWHM of 4 nm. The filter is made of 15 layers of the HðLHÞ 3 ð2LÞðHLÞ 3 H type, where H corresponds to high and L to low refractive index material. The corresponding target film thicknesses are 50:1 nm for H (TiO 2 ) and 72:4 nm for L (Al 2 O 3 ) . Theoretical modeling has shown that the bandpass wavelength can be shifted significantly through slight variation of the (2L) alumina film thickness. Figure 3 illustrates the color-coded transmittance of filters as function of this (2L) layer thickness. The calculations show that a thickness variation of the spacer alumina layer from 120 to 170 nm shifts the bandpass wavelength from 445 to 490 nm, while the FWHM is <5 nm.
Experimentally, we produced a set of five filters with various (2L) layer thicknesses. The layer thickness offset amounts ∼6 nm corresponding to 50 cycles of Al 2 O 3 deposition (up to AE12 nm deviation from the target thickness). Samples were successively removed from the reaction chamber and kept under standard laboratory conditions until the largest Al 2 O 3 thickness was reached. Then the ALD process was concomitantly finished on all samples. Figure 4 depicts the transmittance spectra of the obtained dichroic filters. The wavelength position of the filters shifts from 469 to 485 nm with increasing thickness of the spacer (2L) layer as controlled by ALD. The calculated transmittance of the bandpasses reaches 92% with a sideband transmittance of 1-3%. The experimental peak transmittance measured at ∼3 nm spectral resolution is in the 60-70% range.
The film thicknesses of the layers (15 variables) were determined through a fit to the transmittance spectra for each sample, whereas the optical constants were kept constant (see Table 1 ). The presence of the interference peaks in the NBPF samples make it possible to obtain an excellent fit to the experimental transmittance data. The calculated film thicknesses show some variation between samples for each layer. This nonuniformity is low and could be further reduced through optimization of the reaction chamber for optical coatings. Additionally, the bottom layers have a lower thickness than the corresponding upper ones, although the same number of cycles was applied indicating the influence of the seed material on the growth rate and possibly slight variation in the deposition conditions. Another explanation is possibly the formation of refractive index gradients at increasing film thicknesses as reported previously for TiO 2 [13] .
The optical analysis of the NBPFs on a section of the samples coated on both sides of the substrate (without a mask) was carried out to assess the uniformity of the coating on the front and back sides. The transmittance spectra (see Fig. 5 for selected spectra of samples 1-3) show that a double-side coating nearly perfectly suppresses the transmittance peaks around 470 nm. Additional layers may be added to the coating sequence to enhance the transmittance above 600 nm and produce edge filters. The black curves correspond to the refractive indices measured on the Si wafer, whereas the gray curves depict the corresponding data on BK7 glass. The ALD deposition was done with H 2 O as precursor for oxygen source (plain curves) or H 2 O 2 (curves with squares, shown only for 120°C). Note the different scale of the refractive index. Coating processes applied to dichroic filters require tight in situ control of the layer thickness and continuous process adjustment. Although in this ALD process no in situ measurement was applied, the target bandpass filter could be achieved, and the bandpass wavelength could be efficiently shifted to obtain a variety of filters. The capability of ALD to simultaneously coat both sides of the substrate with uniform films may offer additional advantages for producing NBPFs.
Recently, significant efforts were directed to develop commercially available ALD tools adapted to in situ ellipsometry monitoring. Although ALD tools equipped with quartz microbalance have been available, the optical (ellipsometric, transmittance/ reflectance) control of the film thicknesses will reinforce the application of ALD for optical coatings. A significant advantage of ALD coating technology versus sputtering and ion-assisted deposition techniques is the capability of large batch reactor chambers (up to 1 m length, ∼80 cm diameter are currently available). The uniformity of the ALD films is ∼1-2%, even in such large coating chambers. Nonetheless, complex optical elements will require even more stringent control of the optical thicknesses to achieve the target function. Hence optical monitoring for each or several optical elements must be probably implemented during the ALD process to indentify turning points [10] . Once errors are identified, correction can be carried out in a perfectly controlled manner on an atomic scale by ALD. It may be also possible to develop ALD chambers with correction capability (i.e., process a few more cycles) for each optical element, such as by shielding the other optics. Alternatively, it may become attractive to combine ALD tools with faster (CVD, sputtering, PVD) equipment and use ALD for the extremely thin layers and for corrective purposes in the optical coating industry.
C. Antireflection Coating
Broadband antireflective coatings were deposited on PC, BK7 glass, and quartz substrates. The antireflective coatings are made of five alternating layers (LHLHL) where L corresponds to Al 2 O 3 and H to TiO 2 with layer thicknesses in the range of 14 to 80 nm. Selected transmittance spectra are depicted in Fig. 6 . The samples coated on both sides show above 98% transmittance. The antireflective coatings on the front and back sides improve the transmittance by 6-7% compared to uncoated substrates. The advantage of ALD over other coating technolo- gies is that the film deposition occurs on both sides simultaneously, and therefore the coating time is reduced. Single-side-coated samples were obtained with a protection mask. The transmittance of these samples is improved by 3-4% compared to the uncoated substrates.
The transmittance of the uncoated substrates (PC 88%, BK7 92%, quartz 92% at 500 nm) will affect the transmittance of the coated samples. The transmittance at 500 nm of the double-side-coated PC reaches ∼94% while coated BK7 and quartz show ∼96% transmittance at this wavelength. Figure 6 shows that the coating on the PC substrate produced an increased transmittance toward the UV VIS region (400-550 nm), while the deposition on the BK7 and quartz samples produced highest transmittance in the VIS IR region, although the PC and BK7 samples were coated simultaneously, and the quartz samples several months later. As mentioned in Subsection 3.A, the film thickness will also depend on the substrate material. The coating parameters were optimized for the BK7 substrate because of considerable difficulty in determining the optical constants and growth rates on PC and quartz.
ALD allows the antireflective coating of complex and high aspect ratio substrates. Hence such antire- Table 1 . Individual Layer Thicknesses of the Narrow-Bandpass Filter Samples Calculated through a Fit of the Transmittance Spectra (see Fig. 4 ) The variable parameters total 15 layer thicknesses. flective coatings are promising for optics with curved surfaces, such as lenses and microarrays, without additional mechanical repositioning of the samples to achieve uniform coating. The excellent film thickness control of ALD makes it possible to deposit very thin layers (<20 nm) without in situ control. Since several precursors can be connected simultaneously to the ALD equipment, there is no delay in depositing the next layer of a different material. Through the ALD control, there is no mixing of the layer materials, and the layer transition is sharp. Hence, although the grow rate in ALD is relatively low compared to other coating techniques, the total deposition time can be minimized.
Conclusions
ALD is a promising technique for producing highquality optical coatings on various substrates. Antireflective coatings and NBPFs can be realized if a detailed knowledge of the optical properties and growth rates of the materials are available. The capability of ALD to simultaneously coat both surfaces of the substrate may be used in the design of the optical elements, providing considerable advantage over other coating technologies. Improvement of the optical elements and design may be possible using lower refractive index materials. Characterization of optical coating materials in the deep UV spectral range is in progress to broaden the application field of ALD.
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